Frequency analysis of the photoacoustic radiofrequency signals and oxygen saturation estimates were used to monitor the in-vivo response of a novel, thermosensitive liposome treatment. The liposome encapsulated doxorubicin (HaT-DOX) releasing it rapidly (<20 s) when the tumor was exposed to mild hyperthermia (43 C). Photoacoustic imaging (VevoLAZR, 750/850 nm, 40 MHz) of EMT-6 breast cancer tumors was performed 30 min pre-and post-treatment and up to 7 days post-treatment (at 2/5/24 h timepoints). HaT-DOX-treatment responders exhibited on average a 22% drop in oxygen saturation 2 h post-treatment and a decrease (45% at 750 nm and 73% at 850 nm) in the slope of the normalized PA frequency spectra. The spectral slope parameter correlated with treatment-induced hemorrhaging which increased the optical absorber effective size via interstitial red blood cell leakage. Combining frequency analysis and oxygen saturation estimates differentiated treatment responders from non-responders/ control animals by probing the treatment-induced structural changes of blood vessel.
Introduction
Personalized medicine initiatives aim to develop optimal cancer treatments that will direct patients towards "the right drug at the right dose at the right time" [1] . This is contingent upon not only personalized results of a highly specific/sensitive diagnostic test but also on assessing the effectiveness of the therapy post-administration. The cost of development of new drugs and treatments is estimated between $0.5-2 billion [2] . In order for such treatments to gain enough traction, preliminary effectiveness must be assessed with cost effective and readily available imaging tools. Conventional medical imaging is already in high demand and very expensive, making the addition of treatment monitoring within existing infrastructure a challenge [3] . In addition, imaging modalities commonly used to assess treatment efficacy become even more onerous when they are used on cancer patients for whom the physical and psychological toll of the treatment prohibits multiple imaging sessions. Often, contrast agents are required causing practical limitations to have the same patient imaged at multiple imaging timepoints after treatment [4, 5] . There is a need for imaging modalities which are sensitive to early treatment-induced structural and functional changes. These technologies could generate imaging biomarkers to be used in conjunction with personalized medicine treatment regimens and therefore would provide a means for an oncologist to assess treatment response rapidly.
Quantitative ultrasound (QUS) [6] [7] [8] [9] [10] and Diffuse Optical Spectroscopy Imaging (DOSI) [11] [12] [13] [14] [15] are two promising modalities in early cancer treatment monitoring. QUS utilizes the frequency content of the ultrasound radiofrequency (US RF) signals to extract relevant information about the changes in the structural properties of cancer tumor tissue during treatment [8] . 2D parametric maps scatterer size and concentration can be constructed. Ongoing clinical studies have used textural characterization of QUS spectral parametric maps to differentiate treatment response with 100% sensitivity and 93% specificity 1 week after treatment [7] . Despite its successes, QUS is only capable of measuring the structural changes of tumor cell morphology that occur during treatment. Evidence suggests that these structural changes are dependent on tumor and treatment type and may not allow this technique to be robustly extended towards all cancer types [16] . Moreover, DOSI has shown that functional and metabolic changes (ex. hemoglobin concentration) may appear at earlier timepoints in patients with locally advanced breast cancer. An oxyhemoglobin flare has been reported 24 h posttreatment in responding patients due to the rapid increase in cellular metabolism from chemotherapeutic-induced cellular damage [11] . However, DOSI suffers from low spatial resolution rendering the anatomical localization of the metabolic changes difficult without assistance from external modalities such as MRI [15] , or ultrasound and mammography [12] . Anatomical imaging must be merged with functional measures of tumor response for guiding therapy and avoiding an over-reliance on the "one-sizefits-all" conventional treatment and imaging approach.
Photoacoustic (PA) imaging has successfully mapped structural and functional aspects of biological tissue [17] [18] [19] [20] [21] such as neuronal functional connectivity [22] , breast carcinoma patterns [23] and early detection of malaria [24] . Translation of PA imaging into the mainstream of clinical radiology requires well-suited clinical applications, most likely in combination with another anatomical imaging modality. Of particular importance is the similar nature of PA imaging with US whose images are naturally co-registered when the same transducers are used. Just as with the US RF signals in QUS, the frequencies of the PA signals carry information on the structure (size, shape and orientation) of the underlying absorber [25] [26] [27] . Recently published work has shown how QUS based on analysis of RF backscatter data can be used for biological tissue characterization of sub-resolution scattering structures [28] . In a similar manner, analysis of the PA radiofrequency signals has the potential of offering a system independent method of inferring sub-resolution tissue structural properties [29, 30] . As red blood cells contained within vascular tissues generate the PA signal, the quantitative photoacoustic (QPA) method would be sensitive to the spatial distribution of RBCs contained within unresolved blood vessels (or locally hemorrhaged). This added sensitivity is of importance for pushing the sensitivity of acoustic resolution PA imaging beyond the resolution limit dictated by the transducer's bandwidth. Such advances would accelerate the clinical translation of PA imaging where clinically relevant ultrasound detection frequencies are used. In the past five years, several groups have employed the use of PA radiofrequency analysis to differentiate prostate adenocarcinoma tumors from normal tissue [31] , detect the presence of red blood cell aggregation [30, 32] , identify various stages of liver disease [29, 33] and characterize bone and joint microstructure in osteoporosis [34] and rheumatoid arthritis [35] . Theoretical models have also been developed for understanding the spectral features that arise from tissue microstructural changes [36] [37] [38] [39] [40] [41] [42] . Combining functional aspects of PA imaging (based on optical spectroscopy) with structural information (based on RF frequency analysis) can potentially be used to better monitor cancer treatment response.
The use of PA imaging for cancer treatment monitoring is a relatively new endeavor [43] [44] [45] . In this study, we correlate the spectral information of the PA RF data (QPA) with the oxygen saturation (sO 2 ) of in-vivo tumors treated with a novel thermosensitive liposome. The ultimate goal would be the development of robust quantitative imaging techniques capable of monitoring cancer treatments and predicting long term outcome. This will rely on the structural and functional changes that occur in tumor vasculature hours after the administration of treatment.
Methods

Animal model and treatment
Female, BALB/c mice (5-6 weeks old; 18-20 g) were purchased from Harlan Sprague Dawley Inc. (Mississauga, Canada). The left hind footpad of each animal was inoculated with 1 Â10 6 murine breast cancer (EMT-6, ATCC, Manassas, MA) cells in 50 mL DMEM medium. The tumor was grown for 7 days post-inoculation until a 1-2 mm increase in footpad thickness was measured. Animal protocols implemented in this study were approved by the Animal Care Committee of the University Health Network (Toronto, Canada) in accordance with the policies established by the Guide to the Care and Use of Experimental Animals (Canadian Council of Animal Care, Ottawa, Canada).
Treatment consisted of tail vein injections of the thermosensitive liposome containing doxorubicin (DOX) developed by our group (labeled Heat-activated cytoToxic À HaT-DOX) or control Saline. HaT-DOX preparation has been described elsewhere [46] [47] [48] [49] . Briefly, DOX inside the 100 nm liposome was rapidly (<20 s) released at mild-hyperthermic temperatures (39-42 C) . HaT-DOX has shown improved release kinetics and tumor uptake relative to Lysolipid Temperature Sensitive Liposome (ThermoDox 1 , Celsion Corporation, Lawrenceville, NJ), which has progressed into late stage clinical trials for hepatocellular carcinoma [50, 51] .
HaT-DOX (10 mg DOX/kg) or Saline (HBS, pH = 7.4) was intravenously injected to 13 and 15 animals, respectively. The tumor-bearing footpad was then immediately placed in a water bath at 43 C for 1 h under general anesthesia. The animals were separated into 3 groups based on post-treatment sacrifice timepoints: 2 h (HaT-DOX n = 3, Saline n = 4), 7 days (HaT-DOX n = 3, Saline n = 4) and beyond 7 days (HaT-DOX n = 7, Saline n = 7). Body weight and caliper measurements of the tumor thickness were recorded every few days until the study termination (28 days posttreatment) or at endpoints defined in the animal handling protocol.
Tumor histology was obtained for two imaging timepoints of interest, 2 h and 7 days post-treatment. Prior to sacrifice, an intravenous injection of FITC-lectin (0.25 mg/mL, 200 mL) was administered to 6 HaT-DOX treated animals and 8 Saline treated animals. This perfusion stain was allowed to circulate for 60 min before euthanizing the animals and surgically removing the tumors. Multiple sections were stained with H&E and DAPI for tumor cell localization and CD31 for endothelial cell presence. The FITC-lectin was used to establish the vessel structural integrity. Image analysis and quantification of each stain was performed using Definiens software (Definiens, Munich, Germany) at the STTARR facility (University Health Network, Toronto, Canada).
Longitudinal US and PA imaging
Co-registered US and PA images of the tumors were obtained longitudinally. The Vevo LAZR system (Fujifilm VisualSonics Inc., Toronto, Canada) was used to acquire 3D images at 40 MHz using a 256 element linear array transducer. The coaxial US cable and optical fiber bundle were integrated in a special enclosure [52] . The fiber bundle delivered wavelengths (680-970 nm) from an optical parametric oscillator (20 Hz repetition rate) coupled to a tunable Nd:YAG laser (30 mJ per pulse, 10 ns pulse length). The optical fiber bundle bifurcated into two 14 Â 1.25 mm rectangular strips 30 relative to the imaging plane. With the PA imaging mode on the system, US acquisition was synchronized with the laser output to ensure image co-registration.
Anesthetized mice were placed prone on a heating platform at 37 C. Clear, ultrasound gel acoustically coupled the tumor with the US/PA probe. Imaging was performed at six timepoints: 30 min pre-treatment (Pre tx), 30 min post-treatment (30 min post tx), 2 h post-treatment (2 h post tx), 5 h post-treatment (5 h post tx), 24 h post-treatment (24 h post tx) and 7 days post-treatment (7d post tx). At each timepoint, 3D US/PA data were acquired by mechanically scanning (80 mm step size) the transducer to cover the entire tumor volume. For each step, a 2D B-mode image was beamformed using 4 laser pulses at 750/850 nm at 5 Hz frame rate. The energy of the beam was monitored in real time. A total of 81 2D, US and PA frames were acquired for each animal at each imaging timepoint.
Reference phantoms were used to remove the system dependencies and compute spectral parameters using techniques developed in QUS [53, 54] . The US reference phantom was constructed with glass beads (diameter 6.15 AE 1.15 mm, Potters Industries, Parsippany, NJ, US) in a gelatin background [55] . The top of the phantom was covered with 128 mm TPX 1 (Matsui Chemicals America, Inc., Rye Brook, NY, USA) for its tissue-like acoustic impedance [56] . The acoustic properties were measured using single element transducers (1541 m/s speed of sound; 0.723 dB/cm attenuation at 40 MHz). The PA reference counterpart contained black, carbon spheres (diameter 1-12 mm) suspended in a gelatin background with similar acoustic properties to the US phantom [57] . Both reference phantoms were imaged at the end of each day using exacty the same settings as those used for the tumors.
sO 2 /QUS/QPA signal processing
A schematic of the signal processing that is performed using the US and PA tumor images are shown in Fig. 1 . The US/PA datasets at every timepoint were considered to be functions of tumor spatial location, (x, y, z) and optical wavelength of illumination, l for PA imaging. The z direction refers to the transducer scanning direction over the entire tumor volume. In the temporal/spatial domain, the analysis region of interest (ROI) for the tumor was chosen by creating a spatial mask obtained by manual segmentation of the tumor for the US images: uðx; y; zÞ tumor ¼ u 0 ðx; y; zÞ Â mðx; y; zÞ pðx; y; z; lÞ tumor ¼ p 0 ðx; y; z; lÞ Â mðx; y; zÞ ð1Þ where, u 0 (x, y, z) and p 0 (x, y, z, l) are the US and PA images obtained within the entire field of view of the transducer, respectively; m x; y; z ð Þ is the binary mask that contains the tumor ROI which was obtained from the manual segmentation.
In order to compute the oxygen saturation (sO 2 ) of the tumor, segmented PA images were normalized by the energy of the two laser wavelengths of illumination, 750 and 850 nm. No fluence corrections were performed due to the complexity of accounting for the effect of wavelength dependent optical extinction on light propagation in heterogeneous tumor tissue. Here we directly use the PA amplitude ratio between 750 nm and 850 nm to relate to oxygen saturation and how these change as a function of treatment time, without compensation for local fluence variations. For this reason, changes in relative sO 2 values were analyzed rather than absolute values. The effect of fluence correction on sO 2 estimations has been previously reported, particularly its effect on depths greater than 5 mm [58, 59] . The PA signal amplitude, p SA (x, y, z, l) was calculated by computing the envelope of the time-domain PA signals within the region of interest. The sO 2 for each 2D slice was then calculated using the two-wavelength approach [60] :
where, Hb refers to deoxygenated hemoglobin, e Hb (l) is the molar extinction coefficient of deoxygenated hemoglobin at wavelength l, and De(l) is the difference between the extinction coefficient of oxygenated hemoglobin (HbO) and its deoxygenated Fig. 1 . Schematic for generating tumor oxygenation maps and PA spectral parameters. The ROI segmented from the US images is applied to the co-registered PA images at 750 and 850 nm which are then used to generate a tumor sO 2 map. Oxygenation histograms of every slice within the tumor provide a quantitative distribution of sO 2 values from which the average mode is calculated. The ROI mask is also applied to the reference phantoms at both wavelengths. The frequency information of the PA phantoms is subtracted from the tumor RF spectra and the normalized power spectra are used to retrieve the spectral parameters. For the US normalized spectra, the US image and reference phantom is used to obtain the same parameters. counterpart at l. In this case, l 1 and l 2 correspond to 750 and 850 nm, respectively. Once the sO 2 value for every point in the images was computed, histograms of the distributions of sO 2 values, H(sO 2 ) were calculated. The average mode (i.e. most commonly occurring sO 2 value) was retrieved for all segmented slices within the tumor and all mice at that particular timepoint and treatment group,
where, M and S represent the number of mice and slices, respectively.
To compute the US and PA spectral parameters as a function of time post-treatment, the average, normalized power spectrum (PS norm ) was computed by removing the system dependencies through the use of the reference phantom technique developed for QUS [9] :
where, U(f, z) tumor and U(f, z) ref are the average, z À th slice US power spectra for the tumor and US reference phantom in the axial dimension and averaged in the lateral dimension (at least 100 RF lines per segmentation, depending on the size of the tumor). Similarly, the average PA power spectra for the tumor and the PA reference phantom can be written as:
where, P(f, z, l) is the Fourier Transform of the PA signals for the tumor and reference. The US and PA normalized spectra were fitted to a straight line within the À6 dB bandwidth of the transducer (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) MHz in this case) in order to extract the spectral parameters [61, 62] . The spectral slope was extracted from:
where, PS fit is the result of performing linear regression on either PS normUS (f, z) or PS normPA (f, z, l), SS is the spectral slope measured in dB/MHz and Y int is the y-intercept of the fit measured in dB. An additional parameter, the midband fit (MBF), a measure of scattering strength, was assessed by measuring the power spectrum amplitude in the middle of the bandwidth used for the analysis of the signals. The goal was to extract QUS/QPA parameters that could be used to monitor the structural aspects of the HaT-DOX treatment, namely changes in the size and concentration of optical absorbers.
Results and discussion
Treatment efficacy
The progression of tumor size after the administration of the HaT-DOX and Saline treatments is shown in Fig. 2 . Each animal treated with HaT-DOX was classified as a responder if the tumor size showed a relative decrease of >50% at study termination [63] . An overall reduction in tumor size was observed for all HaT-DOX treated animals except a single non-responder which exhibited a 100% increase in tumor size 21 days post-treatment. This nonresponder mouse was treated in an identical fashion and was included in this data set as its oxygenation and QUS/QPA behavior was significantly different from HaT-DOX responders. As reported in our previous study for a larger subset of animals, a 90% regression rate was observed 25 days after HaT-DOX treatment [43] .
Thermosensitive liposomes eliminate the systemic toxicity associated with chemotherapeutic drugs such as DOX [49] . The effectiveness of the HaT-DOX treatment was evident when compared to the Saline control group, whose tumors increased 200% in size. For the first 10 days post-treatment, the behavior of the two groups was similar. Although not independently assessed, this was likely due to transient inflammation of the footpad upon DOX release [50] . As the inflammation subsided, rapid tumor regression was observed in the HaT-DOX group and by 28 days, normal footpad appearance and function (e.g. gripping) was restored. This is consistent with previous studies where the efficacy of HaT-DOX has been studied extensively [48, 49] . The variation in tumor size for the Saline group was significantly larger than for HaT-DOX. This could be a result of the random distribution of blood vessels in untreated tumors which leads to variable tumor growth rates [64] and arises as a result of the lack of DOX-induced vascular shutdown [65] .
HaT-DOX tumor oxygenation and PA normalized power spectra
In order to examine the changes in the oxygenation of the tumor vasculature after the administration of the HaT-DOX formulation, average sO 2 histograms were plotted for the pretreatment and at the 2 h/24 h/7d post-treatment imaging timepoints (Fig. 3a) . These animals all responded to the HaT-DOX treatment (as assessed by caliper measurements) and experienced a 2 h post-treatment, 22% drop in oxygenation (as assessed by the sO 2 mode). This drop in oxygenation was present as early as 30 min post-treatment and was sustained for the first 24 h. Tumor oxygenation histograms can be used to quantify changes in blood vessel oxygenation throughout the entire tumor [43] . The early changes in blood vessel oxygenation correlate with treatment response: responders' sO 2 decreased 30 mins post-treatment.
The PA PS norm are shown for the same timepoints as the sO 2 histograms to investigate whether the change in oxygenation is accompanied by a physical change in vascular structure (Fig. 3b) . At the middle of the transducer bandwidth (i.e. midband fit or MBF), an increase of 6.2 dB is observed for the 750 nm PS norm at the 2 h timepoint relative to pre-treatment; at 850 nm this increase was 2 dB. These changes persisted for the first 5 h post-treatment. By 24 h post-treatment, the PS norm amplitude approached pretreatment levels, and by 7d post-treatment it decreased by 3.4 dB relative to the value at 2 h for 750 nm.
Changes in the MBF are known to correlate to changes in the concentration of optical absorbers [30, 31, 66] . The frequency content of the PA signals may also contain information about the absorber concentration. Provided that the optical absorption within the tumor is strong, the decay of the light fluence inside the tumor may alter the frequency content of the RF signal. Differences in signal strength between the two wavelengths arise from the changes in vessel oxygenation. Treatment-induced vascular collapse leads to the hypothesis that oxygenation decreases at the early timepoints. Therefore, it is expected that the PA signal at 750 nm would be higher than for 850 nm, as predicted from the optical absorption spectra of oxygenated and deoxygenated hemoglobin. By 7d post-treatment, the sO 2 of the blood vessels increased by over 20% compared to pre-treatment ( Fig. 3a) . This resulted in the 7d, 750 nm MBF decrease suggesting that the MBF can differentiate between two different states of vessel oxygenation.
Saline tumor oxygenation and PA normalized power spectra
The sO 2 histograms for the Saline-treated mice are shown in Fig. 4a . Unlike their HaT-DOX counterparts, no significant changes in oxygenation were measured. The sO 2 histograms at 2 h posttreatment appear wider than pre-treatment but the histogram mode did not change. This could be due to significant variability within the oxygenation and tumor size ( Fig. 2) . Mice with a low pre-treatment sO 2 did not undergo changes post-treatment, while others increased. At the 7d timepoint, the average oxygenation of the tumor increased by 20% relative to oxygenation values pretreatment.
The PA PS norm for this group did not significantly change compared to pre-treatment ( Fig. 4b) . At 7d, the 750 nm MBF decreased by 3.2 dB. The lack of changes in the early timepoints suggested that the Saline treatment did not induce the same vascular changes in the tumor as HaT-DOX. The decrease of the MBF at 7d is correlated to a 20% increase in the sO 2 of blood vessels thought to occur due to the recruitment of vessels required to maintain tumor growth [64] .
Correlation of QPA spectral parameters with tumor oxygenation
The sO 2 mode was plotted against the PA spectral slope (SS) for HaT-DOX responders, the lone HaT-DOX non-responder and the Saline-treated mice (Fig. 5) . At each timepoint, the SS and sO 2 mode is represented by the average value across all mice within a treatment group. A total of 21 planes were analyzed to examine the distribution of metrics across the entire tumor volume. The clustering of HaT-DOX responders by imaging timepoint was clear for both wavelengths (Fig. 5a ). The PA SS at 750 and 850 nm decreased by 45% and 73%, respectively when the sO 2 mode dropped at 30 min post-treatment. These changes in SS persist for the first 24 h post-treatment until the oxygenation of the tumors increased by 10% from 30 min. During this interval, the SS further decreased by 8.5% and 11.5% for 750 and 850 nm, respectively. By 7d post-treatment, an increase in the average sO 2 mode of 22% from pre-treatment was accompanied by a decrease of the SS (79% for 750 nm and 113% for 850 nm). PA estimates of tumor oxygen saturation reported here are also described in other reports. Mallidi and colleagues have used the VevoLAZR system to track the progression of photodynamic therapy and found tumor sO 2 values to be around 40-60% before and after the administration of vascular disrupting therapies [44] . In a more recent report, Rich and Seshandri reported good correlations between PA estimates of sO 2 with oxygen-enhanced magnetic resonance imaging in head and neck xenograft tumors [67] . Additionally, PA estimates of sO 2 reported here have also been previously correlated with hypoxia stains obtained from tumor sectioning and were found to adequately represent the tumor microenvironment [68] .
The HaT-DOX non-responder (Fig. 5b) does not exhibit the same behavior as the HaT-DOX responders. Vessel oxygenation did not significantly drop 24 h post-treatment and a higher variation in the distribution of SS values was observed throughout the imaging timepoints. Furthermore, there were no identifiable trends in the SS during treatment other than a 0.2 dB/MHz difference in the PA SS for 850 nm compared to 750 nm observed at all imaging timepoints for this mouse.
The Saline SS exhibited a distinctive behavior, differentiating them from the HaT-DOX mice (Fig. 5c ). The 750 nm SS did not significantly change at the early timepoints as shown by the clustering around À0.48 dB/MHz. This was also correlated with the lack of sO 2 changes at early timepoints. The 850 nm SS increased by 14% from pre-treatment when the sO 2 increased 20% at the 7d timepoint. For the 850 nm illumination, the SS increased slightly (3%) at the 24 h timepoint before increasing by 16% at 7d post-treatment. Overall, the 850 nm SS is $0.1 dB/MHz higher than 750 nm and lower than the HaT-DOX SS. The significance of these findings can be established by examining the correlation between the SS and the optical absorber (i.e. vascular morphology) [30, 41] . The lack of large changes in the SS for the Saline and HaT-DOX non-responder implies that the tumor vasculature is responding differently to treatments. It is worth noting that the differences in the SS trends post-treatment are sufficient to identify the non-responder and the control group.
Histological examinations post-treatment
Representative cross-sections of tumors extracted after the 2 h imaging timepoint are shown in Fig. 6 . A large amount of FITC-lectin leakage was observed in the of vicinity blood vessels (Fig. 6a) . Overall, 70% of all vessels within the HaT-DOX-treated tumor were FITClectin positive compared to just 30% for the Saline treatment at 2 h (Fig. 6b ). Fig. 6c shows the distribution of vessel size within the tumor measured 2 h post-treatment. The Saline group had a larger number of intact vessels post-treatment compared to the HaT-DOX group, except for vessels smaller than 25 mm. Representative HaT-DOX and Saline tumors showing the proportion of FITC-lectin leakage (dark gray) outside of the tumor area (orange). Normal tissue is the teal color surrounding the tumor and the slide background is light gray. For more details on how these images were obtained refer to reference [43] . (c) Distribution of the size of tumor blood vessels for HaT-DOX and Saline measured at the 2 h timepoint.
The mechanism of action for treatments like HaT-DOX is the rapid (<20 s), burst-release of DOX upon exposure to mildhyperthermia [69, 70] . The formation of large DOX concentration gradients from the tumor vasculature to the tumor interstitial space leads to DOX-induced endothelial cell damage. The damaged endothelial cells become unable to support the circulating blood and its contents, eventually succumbing to hemorrhage, blood coagulation, pooling and localized vascular shutdown [65, 71] . This phenomenon was observed in Fig. 6a and b for tumors treated with HaT-DOX.
The recently published study by our group examined the correlation between sO 2 and vascular damage due to a single dose of HaT-DOX released during mild-hyperthermia [43] . At the 2 h timepoint, the drop in sO 2 was correlated with an increase in FITC-lectin leakage within the tumor interstitium. At 750/850 nm, the most dominant optical absorber is RBC' hemoglobin [60] . Given the significant amount of FITC in the vicinity of posttreatment blood vessels (Fig. 6a) , treatment leads to an increased number of leaked RBCs in the interstitium, where they are no longer capable of circulating and unable to exchange pulmonary oxygen, and so eventually become deoxygenated. We hypothesize that this contributes to the post-treatment decrease in tumor oxygenation ( Fig. 3a) . Furthermore, the hemorrhage of RBCs in the intersitium of tumors inadvertently forms an optical target with the same absorption properties as RBCs but larger effective size (i.e. RBCs are no longer confined to the blood vessels). The formation of this "pool" of RBCs outside the vessels may be responsible for the changes in the spectral slope shown in Fig. 5a . Previous experimental studies by our group and others have demonstrated that an increase in the effective optical absorber size causes a decrease in the PA SS [30, 32, 57, 66, 72] . Moreover, this trend was also confirmed in a simulation study which examined the effect of vascular hemorrhaging on the QPA SS parameter [42] . By 7 days post-treatment, both groups had sufficient time to recruit and generate new blood vessels. The effects of revascularization following cancer treatments have been previously studied using other modalities [11] [12] [13] and are consistent with the observed increase in tumor sO 2 reported in the current study at 7 days.
The post-treatment changes in the PA SS at both wavelengths are expected to be dependent on the size of vessels inside the tumor post-treatment as compared to pre-treatment. Changes in the distribution of tumor vessels are shown in Fig. 6c . This is consistent with the experimental results: the PA SS of the Saline group was more negative than for the HaT-DOX group (Fig. 5c ). Additionally, the sub-resolution sized vessels were found to be more abundant in the HaT-DOX treated group. Although smaller than the system spatial resolution (axial 45 mm, lateral 90 mm) the PA signal from collections of these vessels can contribute to the recorded RF PA signal and the SS. This is a phenomenon that is observed during studies of acoustic-resolution PA imaging where speckle dominates the images due to collections of unresolved sources of PA waves [29, 57, 74] .
Quantitative ultrasound for detecting tumor cell death
In order to compare the treatment monitoring capabilities of QPA with quantitative ultrasound (QUS), the SS from the US imaging of the tumors was computed for all the imaging timepoints and treatments (Fig. 7) . It is evident that QUS is unable to identify changes in the structure of the tumor as early as a few hours post-treatment in the same manner as the PA SS. The US SS does not significantly change in HaT-DOX treated tumors until the 7d timepoint despite the large drop in oxygenation ( Fig. 7a) . At 7d, the US increased by nearly 35%, which is indicative of a decrease in the size of the scatterers (i.e. tumor cells seen) due to the structural changes that the tumor has undergone. No noticeable trend was observed in the SS of the HaT-DOX non-responder (Fig. 7b ). The SS of the Saline control (Fig. 7c ) increased by 24% at 7d compared to pre-treatment. It is important to note that by 7d there were no significant changes in the size of the tumors between all groups, as assessed through caliper measurements (Fig. 2) .
The examination of the changes that the tumor cells undergo during and after treatment is another aspect of treatment monitoring. QUS has been successful in probing the structural changes that occur within tumor cells when they are exposed to changing environmental conditions [75] [76] [77] . Recently, the technique was used to evaluate the treatment response of breast and prostate cancer patients before conventional imaging modalities [6] [7] [8] . However, the technique is sensitive to localized changes in the structure of the tumor cells and cannot provide functional information on the tumor vasculature in the same manner as PA imaging. Additional complexity arises from the fact that inflammation of the tumors was present one week after treatment. This could complicate interpretation of results, as changes in the acoustic properties of the tumor microenvironment have been shown to affect QUS parameters such as the SS [78] . This renders the interpretation of changes in parameters more challenging than in QPA where the specific, oxygen dependent optical absorption of hemoglobin is known to dominate the PA signal generation. Therefore, there is a more direct link to the relation between the changes detected in the PA signals collected and how these can be interpreted based on the underlying biophysical changes in tissue structure that occur because of the treatment. The latter is an important consideration in using QPA for monitoring vasculartargeted therapies.
Conclusions
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